The composition, biosynthesis and role of wax esters in zooplankton including calanoids and krill is reviewed together with their transformation to triacylglycerols in zooplanktonivorous fish. A special role for 22:I(n-11) alkyl units is indicated.
Evidence accumulated since the early 1970s continues to support the general hypothesis of Lee and Hirota (6) that wax esters are elaborated by marine animals in environments where short periods of food plenty are followed by long periods of food shortage.
Examples of such environments are bathypelagic regions and polar regions.
Lee et al (6, 7) showed that the wax ester content of calanoid copepod species was correlated with latitudinal distribution, a typical polar species such as Calanus hyperboreus containing more than 70% of its dry weight as wax esters (8) .
A similar correlation has been established more recently for euphausiids in both hemispheres.
The common Antarctic krill Euphausiia superba with a relatively northerly distribution has only traces of wax esters (9, 10) ; its more southerly neighbour E. crystalloroliving close to the ice edge is rich in these lipids (9) .
In the northern hemisphere the southerly distributed Meganictyphanes norvegica lacks wax esters (11, 12) whereas a typically Arctic species such as Thysanoessa inermis contains large amounts of these lipids (12) .
ysanoessa sp. in the Antarctic are also rich in wax esters (13) .
Both polar and bathypelagic environments have water temperatures seldom greater than 2°C. These low temperatures are intimately associated with a marked temporal variation in primary food density, an association clearly seen in polar regions where cold waters and low phytoplanktonic biomass are inevitable consequences of long periods of low intensity solar radiation during winter. Intense solar radiation during the polar summer generates a large but short seasonal burst of phytoplankton production.
It is the polar herbivores, including the calanoid copepods, that are subjected to the most extreme temporal variation in food supply.
Larger omnivorous zooplankton including the euphausiids prey heavily on phytoplankton during the summer but can also consume smaller zooplankton and possibly detritus when phytoplankton is scarce (14, 15) .
Therefore the euphausiids are less subject to extreme seasonal variation in food supply and contain lower levels of wax esters than the herbivorous calanoids (8, 9, 12) .
It is to be anticipated that extreme variations in polar biomass become more damped at increasingly higher trophic levels, i.e. the content of wax esters is likely to decrease as one progresses from pure herbivores to pure. carnivores. Carnivorous polar fish that consume large quantities of zooplankton, e.g. capelin and cod, do not accumulate wax esters in significant amounts.
COMPOSITION AND BIOSYNTHESIS
The wax esters of calanoid copepods contain fatty alcohols that are mainly saturated and monounsaturated, i.e. 16:0, 20:l(n-9) and 22:l(n-ll), and fatty acids that are rich in polyunsaturated units (1, 2, 3) .
In a recent analysis (16) of wax esters from Calanus finmarchicus from a Norwegian fjord 16:0, 20:1 and 22:1 units accounted for 18%, 27% and 28% respectively of total fatty alcohols; l8:4(n-3) and total polyunsaturated fatty acids accounted for 24% and 44% respectively of total wax ester fatty acids.
Calanoid wax esters usually contain only small amounts of 18:1 units, both in the alcohols and acids.
Such compositional differences between acids and alcohols of calanoid wax esters have been interpreted as showing that the fatty acids derive preferentially from the animal's dietary lipid whereas the fatty alcohols derive preferentially from de novo biosynthesis of fatty acids from protein and carbohydrate dietary precursors (2, 3) .
Fragments of calanoid copepods in vitro incorporate labelled glucose and amino acids preferentially into the fatty alcohol moieties of their wax esters (17) .
Wax ester formation may therefore be seen as a mechanism whereby large lipid reserves can be built up through the continuing biosynthesis of lipid (as fatty. alcohol) from non-lipid dietary material in the presence of substantial, quantities of dietary fatty acids.
Since 20:1 and 22:1 fatty alcohols are prominent in the wax esters of some Arctic amphipods and decapods (18) they are not necessarily associated with purely herbivorous animals such as the calanoids.
The fatty alcohols of the euphausiid wax esters do not contain 20:1 and 22:1 fatty alcohols; 14:0 followed by 16:0 are the major alcohols in wax esters from pphausiia crystallorophias whereas 16:0 followed by 14:0 are major alcohols in wax esters from Thysanoessa inermis (9, 12) .
The fatty acids of both these wax esters are dominated by 18:1 and contain very much lower amounts of polyunsaturated fatty acids than the calanoid wax esters (9, 12) .
Nevertheless preliminary experiments have shown that labelled glucose is still preferentially incorporated into the alcohol moieties of euphausiid wax esters in in vitro systems (19) .
Curiously, phytol accounts for some 10% of the total alcohols in the wax esters of T. inermis; wax esters whose sole alcohol is phytol are also present in significant amounts in T. raschii which is not a wax ester-rich species (12, 20) .
Clearly the phytol in such esters stems from phytoplanktonic material.
The only other known occurrence of phytol inmarine wax esters is in the eye spot of the dinoflagellate Peridinium foliaceum where the esters are composed solely of phytol esterified to a range of highly polyunsaturated fatty acids (5) .
It may be noted that the phytol consumed in large quantities by the calanoid copepods is ultimately metabolised to pristane (21) .
The wax esters of bathypelagic invertebrates contain mainly 16:0 and lesser amounts of 18:1 fatty alcohols; 18:1 tends to be a dominant fatty acid and polyunsaturated fatty acids are present in amounts similar to those in euphausiid wax esters (2) .
A similar situation exists for the wax esters of bathypelagic fishes except that 18:1 alcohol now assumes as much importance as 16:0 alcohol (2).
ROLE OF WAX ESTERS IN ZOOPLANKTON
Although roles for wax esters in buoyancy regulation and the provision of metabolic water have been proposed (1) it is certain that the major function of any large deposit of neutral lipid lies in the provision of metabolic energy.
Wax ester accumulation in the calanoid copepods occurs maximally at stages IV and especially V, i.e. immediately before development to the sexually mature males and females (stage VI) .
Since calanoid .copepods commonly overwinter prior to reaching full sexual maturation in the following spring, itis possible that wax esters are consumed in the provision of metabolic energy for maintenance during the potentially long winter when phytoplankton food is scarce.
It is equally possible that the animals overwinter in a relatively inactive metabolic state, akin to hibernation, without consuming significant amounts of wax esters.
The lipids could then be used during reproduction in the following spring immediately before the appearance of phytoplankton food in the water. Current information suggests that the latter of these two possibilities is by far the more important.
When wax ester-rich Euchaeta are starved their wax esters are depleted but only at a slow rate (22) .
We have maintained wax ester-rich E. norvegica in the laboratory at ambient temperatures for up to two months without significant loss of lipid.
It follows that the maintenance requirement of these animals is very low.
Euchaeta produces eggs rich in wax esters so that direct transfer of the lipids from the adult female to eggs occurs (22, 23) . Calanus produces eggs rich in triacylglycerols possibly indicating transformation of wax esters in the adult to triacyiglycerols prior to transfer into the eggs (23, 24) .
A recent study has established that some 30% of the lipid in prespawning female Euchaeta is transferred to the eggs with another 30% being recovered in the spent female (25) .
It is probable that the remaining lipid is combusted to produce metabolic energy for the elaboration of the female reproductive apparatus since it has been established (24) that some 50% of the lipid, largely wax esters, is lost when stage V Calanus helolarithcus develop to sexually immature females, i.e. females that have well developed and recognisable ovaries but which have not yet produced eggs.
That is, the metabolic energy cost of producing the female reproductive apparatus (ovaries and ancillary organs) of a calanoid is about one half of the total lipid level in the animal, and a sizeable proportion of the remaining lipid is ultimately transferred to eggs.
It has also been estimated that approximately one half of the triacylglycerols in E. superba (deficient in wax esters) is transferred to eggs (10) .
While quantitative data ae not yet available for the wax ester-rich T inermis, a seasonal survey of lipid levels in this species has shown a marked depletion of wax esters during ovarian development and egg production (15) .
Overall, therefore, the present evidence strongly suggests that wax esters, and indeed neutral lipids generally, are elaborated in large amounts by zooplankton not so much for survival during winters in the absence of food but much more for reproduction during the following spring.
Zooplanktonic wax esters are sufficiently rich in polyunsaturated fatty acids to be excellent precursors of biomembrane lipid (phospholipid).
Equally the esters are iery rich in 14:0, 20:1 and 22:1 alkyl moieties that are not major constituents of polar lipids. Th fate of these fatty acids, therefore, is solely to be combusted to produce metabolic energy (ATP).
WAX ESTER SLICKS
Interest has recently focussed on apparently natural phenomena that generate the formation of extensive surface slicks of wax esters.
A major example of this is the occurrence of large deposits of waxy material washed on to the shores of Bute Inlet, B.C. Canada (1) .
This has been established as consisting mainly of wax esters composed of 20:1 and 22:1 fatty alcohols together with 14:0 and 16:0 fatty acids (1, 26) . These constituents are very prominent in the wax esters of Calanus plumchrus, the dominant calanoid copepod in the inlet.
That the Bute Inlet wax derives from the indigenous calanoid in the inlet is supported by its contaming small but significant amounts of pristane (26) .
It has been considered that the wax found on the shores stems ultimately from large numbers of calanoids being killed due to a decrease in the surface salinity of the Inlet, e.g. due to an influx of fresh water stemming from a sudden thaw in late winter (26) .
Mass mortalities of copepods have frequently been witnessed in Norwegian fjords following the entrainment of the animals in fresh water gyres generated through discharges of hydroelectric generating stations into fjords (27) .
The oil released from the dead calanoids is considered to be aged resulting. in destruction of the relatively labile polyunsaturated fatty acids leaving only saturated and monounsaturated wax esters (26) .
An extensive slick of wax esters occurred in the North Sea in 1975 with a composition almost identical to that of the Bute Inlet wax (16) .
A similar slick occurred in the North Sea in 1980 (28) .
It was established (16) Wax esters of virtually the same composition predominated in fresh Calanus oil and indeed oil of identical composition to the slick oil could be simply generated by argentation chromatography of total Calanus oil to eliminate the polyunsaturated units (16) . Both North Sea slicks were associated with periods of unusually high temperatures.
The possibility remains that special conditions were created leading to overgrowth and collapse of plankton populations and consequent death of large numbers of calanoids.
In none of these instances was there any reason to suspect death from pollution.
The incidence of such large scale phenomena and the ultimate fate of the aged wax esters is not known.
METABOLISM BY FISHES
Wax esters are inevitably consumed in large quantities by zooplanktonivorous fish which indude most clupeoids and many salmonids at least at some stage in their life history. The great majority of teleost fishes including those consuming zooplankton contain triacylglycerols as their major neutral lipid with at most traces of wax esters.
It is known from direct feeding experiments that even a freshwater fish such as the rainbow trout that does not experiencewax esters in its natural diet can assimilate more than 90% of dietary wax esters fed in the form of calanoid copepods (30) .
Wax esters in the gut lumen appear to be hydrolysed by a non-specific lipase, similar to the cholesteryl esterase of mammalian pancreas that also hydrolyses triacylglycerols to glycerols and free fatty acids (31) .
Nonetheless the rate of hydrolysis of wax esters is less than that of triacylglycerols when both lipids are present (31) .
The non-specific lipase is widely distributed in fish (32) .
Fatty alcohols and fatty acids generated in the fishes' intestinal lumen are absorbed by the intestinal epithelial cells and there converted to triacylglycerols by a process where the NAD-dependent oxidation of fatty alcohol to fatty alcohol is coupled to the NADH-dependent formation of glycerophosphate from glucose or amino acids (33) .
Triacylglycerols finally formed in the endoplasmic reticulum are processed into very low density lipoprotein (VLDL) particles and ultimately to chylomicron particles, and discharged serosally from the intestinal cells (33, 34) .
The overall stoicheoimetry of the conversion appears to be 3 wax ester molecules converted to 2 triacylglycerol molecules, a stricture that necessitates the locating of fatty acids such as 20:1 and 22:1 (stemming from wax ester alcohols) on both position -l and position-2 of the triacylglycerol-glycerol backbone (33) .
Not only is the natural diet of zooplanktonivorous fish rich in wax esters but it is also rich in 22:1 alkyl chains.
The (n-9) isomer of 22:1, erucic acid, is known to cause transient cardiac liposis when fed to rats in large amounts as rapeseed oil (35) .
A similar effect is shown by partially hydrogenated commercial marine oils (35) which are rich in the (n-ll) isomer of 22:1, cetoleic acid, which originates in the 22:1 (n-ll) fatty alcohol of zooplanktonic wax esters and is passed up the food chain to zooplanktonivorous fish, gadoids and the marine mammals (36, 37) .
Liver perfusion studies have shown an enhanced chain shortening of erucic acid shortly after feeding rats diets rich in either rapeseed oil or partially hydrogenated marine oil (38).
Such enhanced chain shortening occurs via a cyanide-insensitive pathway in liver (39) .
It has been proposed that the catabolism of high dietary levels of 22:1 isomers in liver occurs via the cyanide-insensitive beta oxidation pathway in perixosomes, rather than the conventional cyanide-sensitive pathway of mitochondria (39) .
An enhanced oxidation of fatty acyl C0A by liver perixosomes after feeding rats diets rich in partially hydrogenated marine oil has been observed (40) and a mechanism for the preferential oxidation of a dietary excess of long chain monoenoic acids by liver peroxisomes has been proposed (41) .
At the same time it has been claimed that perixosomal oxidation of fatty acids in liver is quantitatively much less important than mitochondrial oxidation (42) .
While rainbow trout fed diets rich in wax ester-containing zooplankton have an active peroxisomal fatty acid oxidation pathway in their livers, the pathway is no more active than in the livers of fish fed commercial diets lacking 22:1 fatty acid, i.e. feeding large quan-tities of 22:1 units to fish in the form of wax esters does not induce peroxisomal fatty acid oxidation in the liver (43) .
At the same time fish fed the wax ester-rich diet showed a markedly selective catabolism of fatty acids in the order 22:1>20:1>14:0, while the more usual 16:0 and 18:1 were selectively retained (43) .
Selective catabolism of 22:1 fatty acid by the peroxisomal pathway in organs other than liver, e.g. intestine, or by other mechanisms remains to be studied.
The utilisation of wax esters during the formation of reproductive tissue in female calanoids mentioned earlier involves a priori an extensive catabolism of 22:l(n-ll).
A similar extensive catabolism of 22:l(n-ll) appears to occur in capelin prior to spawning (44) . These fish approach their spawning grounds with oil contents in the region of 10-15% of their weights, such oil commonly containing around 20% of its total fatty acids as 22:l(n-ll). Prior to spawning the oil content of the fish has decreased to 2-3% of their body weight; the roe produced ultimately by the fish has lipid which contains only 4% of its total fatty acids as 22:l(n-ll).
It can be concluded confidently that a massive and probably selective catabolism of 22:l(n-ll) has occurred prior to spawning.
Thus the large stores of lipid in zooplankton and zooplanktonivorous fish, both rich in 22:1(n-ll), appear to be catabolised to a surprisingly large extent in the provision of metabolic energy during the elaboration of female reproductive tissue.
The endocrinological controls that undoubtedly underlie this process remain to be investigated.
